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HIGHLIGHTS 


►  NiO*/MnO*/GC  electrode  significantly  catalyzes  glucose  oxidation. 

►  Order  of  deposition  of  oxides  is  a  crucial  in  the  electrocatalytic  activity. 

►  A  synergistic  enhancement  effect  between  the  two  oxides  is  concluded. 
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A  novel  binary  electrocatalyst  fabricated  from  manganese  and  nickel  oxides  nanoparticles  (MnOx  and 
NiOx),  prepared  by  electrodeposition,  is  proposed  as  an  anode  for  an  amplified  electrochemical  oxidation 
of  glucose  in  NaOH  solutions.  Cyclic  voltammetry  and  scanning  electron  microscopy  images  were  used  to 
characterize  these  electrocatalysts.  It  has  been  found  that  the  electrocatalytic  activity  critically  depends 
on  the  order  of  the  deposition  of  the  two  oxides.  The  NiOx/MnOx/GC  electrode  (MnOx  deposited  first) 
showed  a  superior  electrocatalytic  activity  towards  glucose  oxidation  compared  to  NiO*/GC,  MnOx/GC  or 
MnOx/NiOx/GC  electrodes  (NiOx  deposited  first).  The  extraordinary  activity  obtained  at  the  NiOx/MnOx/ 
GC  electrode  is  attributed  to  the  compilation  of  the  better  adsorption  of  glucose  molecules  on  the  MnOx 
sites  and  the  increase  of  conductivity  of  the  NiO„  due  to  the  increase  of  Ni3+  content.  The  results  lead  us 
to  conclude  that  there  is  a  synergism  between  the  two  oxides  towards  the  electrooxidation  of  glucose. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Electrocatalytic  oxidation  of  glucose  has  gained  much  attention 
during  the  last  few  decades  due  to  its  importance  as  an  enzymeless 
detection  tool  for  glucose  in  blood  and  also  as  a  potential  fuel  in 
biofuel  cells  [1—4].  Many  attempts  have  been  introduced  to  develop 
efficient  electrocatalysts  for  glucose  oxidation.  Earlier  works  have 
focused  on  the  use  of  noble  metal-based  electrocatalysts  that 
include  Pt  [5-7]  and  Au  [4,8-11],  Recently  main  attempts  have 
been  made  to  use  large  numbers  of  transition  metal  oxides, 
including  both  bulk  and  nanostructures-based  electrodes,  such  as 
NiOx  [12],  FeOOH  [13],  CuO  [14],  Mn02  [15],  Ru02  [16],  Cu20  and 
C03O4  [17,18],  Among  these  oxides  NiOx  and  MnOx  are  attractive 
electrocatalysts  for  glucose  oxidation.  It  is  also  well-known  that 
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nickel  and  nickel  hydroxide  exhibit  excellent  electrocatalytic 
performance  in  alkaline  medium  [19—21], 

On  the  other  hand,  it  has  been  found  that  MnOx  deposited  on  Pt 
electrode  enhanced  glucose  oxidation  that  was  rationalized  as 
a  combined  effect  of  two  factors;  enhancing  glucose  adsorption  and 
mediating  the  electrooxidation  of  glucose  by  MnOx.  Thus,  MnOx 
acting  not  only  as  a  simple  electron  sink  but  also  as  a  catalyst  i.e., 
catalytic  mediator  [22], 

To  the  best  of  our  knowledge  the  combined  use  of  NiOx  and  MnOx 
as  a  bicatalyst  to  exploit  their  combined  characteristics  for  better 
enhancement  of  glucose  electrooxidation  has  not  been  reported.  In 
the  present  article  a  novel  binary  electrocatalyst  composed  of 
nanoparticles  of  NiOx/MnOx  modified  GC  electrode  is  fabricated 
electrochemically  and  characterized  by  SEM  and  cyclic  voltammetry 
in  order  to  assess  its  performance  for  glucose  electrooxidation. 

2.  Experimental 

All  chemicals  used  in  this  work  were  of  analytical  grade  and 
were  purchased  from  Merck,  Sigma  Aldrich  and  they  were  used  as 


126 


S.M.  El-Refaei  et  al. /Journal  of  Power  Sources  223  (2013)  125-128 


Fig.  1.  FE-SEM  images  of  (A)  NiO*/GC,  (B)  MnO*/GC,  (C)  NiOJMnO^GC  and  (D)  MnOJNiOJGC. 


received  without  further  purification.  All  solutions  were  prepared 
using  second  distilled  water. 

Electrochemical  characterizations  were  performed  using  an 
EG&G  potentiostat  (model  273A)  operated  with  E-Chem  270  soft¬ 
ware.  An  electrochemical  cell  with  a  three-electrode  configuration 
was  used  in  this  study.  A  platinum  spiral  wire  and  an  Ag/AgCl / 
KCl(sat.)  were  employed  as  counter  and  reference  electrodes, 
respectively.  The  working  electrode  was  glassy  carbon  (d  =  3.0  mm). 
It  was  cleaned  by  mechanical  polishing  with  aqueous  slurries  of 
successively  finer  alumina  powder  (down  to  0.06  pm)  then  washed 
thoroughly  with  second  distilled  water. 

The  electrode  modification  with  nano-NiOx  was  achieved  in 
two  sequential  steps.  The  first  involved  the  electrodeposition 
of  metallic  nickel  on  the  working  electrode  (i.e.,  GC)  from  an 
aqueous  solution  of  0.1  M  acetate  buffer  solution  (ABS,  pH  =  4.0) 
containing  1  mM  Ni(N03)2-6H20  by  a  constant  potential  elec¬ 
trolysis  at  -1  V  vs.  Ag/AgCl/KCl(sat.)  for  6  min.  Next,  the  metallic 
Ni  was  passivated  (oxidized)  in  0.1  M  phosphate  buffer  solution 
(PBS,  pH  =  7)  by  cycling  the  potential  between  -0.5  and  1  V  vs. 
Ag/AgCl/KCl(sat.)  for  10  cycles  at  a  scan  rate  200  mV  s-1  [23,24], 
Modification  with  MnOx  was  achieved  by  cycling  potential  from 
0  to  0.4  V  vs.  Ag/ AgCl/KCl(  sat. )  in  0.1  M  Na2S04  containing  0.1  M 
Mn(CH3C002)2  -5H20  for  60  cycles,  then  activation  for  5  cycles  in 
0.5  M  NaOH  solution  in  the  potential  range  -0.2— 0.6  V  [23].  The 
sequence  of  the  deposition  of  the  two  oxides,  i.e.,  NiOx  is 
deposited  first  and  then  MnOx  or  vice  versa  was  achieved 
keeping  the  number  of  the  cycles  or  times  of  the  deposition  of 
both  catalysts  the  same.  SEM  images  were  taken  using  field 
emission  scanning  electron  microscope,  FE-SEM  (FE1,  QUANTA 
FEG  250). 


3.  Results  and  discussion 

3.1.  Morphological  and  electrochemical  characterizations 

The  morphological  characterization  of  the  modified  electrodes 
is  disclosed  by  SEM  imaging  and  shown  in  Fig.  1.  Image  A  shows  the 
typical  SEM  micrograph  of  NiOx/GC  electrode.  It  reveals  that  the 
NiOx  is  deposited  as  nanoparticles  in  a  uniform  distribution  with  an 
average  particle  size  about  90—100  nm.  Fig.  2  (B)  shows  SEM 
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Fig.  2.  CVs  obtained  at:  (a)  bare  GC,  (b)  MnO*/GC  (c)  NiO*/GC,  (d)  NiO*/MnO*/GC  and 
(e)  MnOx/NiO*/GC  in  0.5  M  NaOH  solution  at  a  scan  rate  of  100  mV  rA 
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micrograph  of  MnOx/GC  sample.  As  can  be  seen  MnOx  is  not  heavily 
deposited  as  much  as  NiOx  (image  A).  In  image  C  (NiOx/MnOx/GC 
sample,  MnOx  deposited  first),  NiOx  is  extensively  deposited  as 
compared  with  image  A.  It  seems  also  that  NiOx  partially  cover  the 
previously  deposited  MnOx.  In  image  D  (MnOx/NiOx/GC  sample, 

NiOx  deposited  first)  in  which  MnOx  is  deposited  on  NiOx/GC  the 
microstructure  is  not  significantly  different  than  the  image  of 
deposition  of  MnOx  directly  on  bare  GC  (image  B). 

Fig.  2  compares  CVs  of  the  (a)  bare  and  (b-e)  modified  GC 
electrodes  in  0.5  NaOH  solutions.  At  bare  GC  (curve  a)  and  MnOx/GC 
(curve  b)  electrodes  the  voltammetric  behaviours  are  featureless. 

Only  the  charging  current  significantly  increases  at  the  latter 
electrode  as  a  characteristic  feature  of  the  manganese  oxide 
modified  electrodes  [25],  At  the  NiOx/GC  (curve  c)  electrode  the 
well-defined  redox  waves  of  the  surface  confined  Ni(II)/Ni(III)  is 
observed;  the  conversion  is  represented  in  acid  medium  by 
a  proton  diffusion  in  which  [3-NiOOH  is  likely  formed  (Eq.  (1 )),  and 
by  solvent  mechanism  in  alkaline  medium  in  which  y-NiOOH  is 
formed  through  the  diffusion  of  OH"  (Eq.  (2))  [23,24], 

Ni(OH)2 «-» NiOOH  +  H+  +  e~  (1)  B 

Ni(OH)2  +  OH  <->NiOOH  +  H20  +  e  (2) 

It  has  been  reported  that  |3-NiOOH  phase  enhances  glucose 
oxidation  reaction  [26].  The  deposition  of  NiOx  on  the  MnOx/GC 
(NiOx/MnOx/GC,  curve  e)  is  characterized  by  marked  enhancement 
in  the  Ni(II)/Ni(III)  couple,  especially  the  cathodic  peak,  as 
compared  with  the  NiOx/GC  electrode  (curve  c).  This  may  be 
attributed  to  the  increase  of  the  Ni3+  content  by  doping  the  NiOx  by 
MnOx  (Eqs.  (3)  and  (4))  which  can  convert  some  of  the  Ni2+  to  Ni3+ 
resulting  in  an  increase  in  the  conductivity  of  the  former.  This  may 
proceed  according  to  the  following  reactions;  (cf  Section  3.2) 

Mn(IV)— >Mn(V)  (3) 

Mn(V)  +  Ni2+  —  Ni3+  +  Mn(IV)  (4) 

It  is  noteworthy  to  mention  that  the  charging  current  in  this  case 
significantly  decreases  upon  the  deposition  of  the  NiOx  on  the 
MnOx/GC  electrode,  almost  the  response  obtained  at  NiOx/GC 
(curve  c)  in  the  potential  range  -0.2— 0.3  V  is  restored  after  the 
deposition  of  NiOx  onto  MnOx/GC.  This  is  certainly  due  to  the 
deposition  of  NiOx  onto  the  previously  deposited  MnOx. 

Interestingly  Ni(II)/Ni(III)  couple  significantly  decreases  when 
the  order  of  the  deposition  is  reversed,  i.e.,  when  MnOx  is  deposited 
onto  NiOx/GC  (MnOx/NiOx/GC,  curve  d).  This  points  to  the  partial 
deposition  of  MnOx  on  the  previously  deposited  NiOx. 

3.2.  Electrocatalytic  oxidation  of  glucose  at  the  modified  electrodes 

Fig.  3  shows  CVs  of  the  glucose  (20  mM)  oxidation  at  (a)  bare 
and  modified  GC  electrodes  (b-e)  in  0.5  NaOH  solutions,  (same 
notations  as  in  Fig.  2  is  used).  The  oxidation  of  glucose  at  GC 
(curve  a)  is  not  feasible  indicating  the  inertness  of  the  GCE 
towards  glucose  oxidation  under  the  present  conditions.  At  the 
MnOx/GC  electrode  (curve  b)  the  CV  is  also  featureless  as  in  the 
absence  of  glucose.  In  contrast,  the  oxidation  of  glucose  at  the 
GC/NiOx  electrode  (curve  c)  is  markedly  enhanced;  it  occurs  at 
a  lower  positive  potential,  associated  with  increasing  the  anodic 
peak  current  and  diminishing  the  cathodic  peak  current  resem¬ 
bling  the  behaviour  of  a  catalytic  process.  The  electrocatalytic 
oxidation  of  glucose  occurs  not  only  in  the  forward  scan  but  also  in 
the  backward  scan  [21,27],  Glucose  molecules  adsorbed  on  the 
surface  are  oxidized  at  higher  potentials  parallel  to  the  oxidation 


E 1 V  vs.  Ag/AgCl/KCl  (sat.)  (sat.) 


Fig.  3.  A.  CVs  response  obtained  at  (a)  GC,  (b)  MnOx/GC,  (c)  NiOx/GC,  (d)  NiO*/MnO*/ 
GC,  and  (e)  MnO*/NiO*/GC  electrodes  in  0.5  NaOH  solution  containing  20  mM  glucose 
at  a  scan  rate  of  100  mV  s  ’.  B.  Variation  of  fp/r1/2  with  v  for  glucose  electrooxidation 
obtained  at  NiOx/MnOx/GC  electrode  in  0.5  M  NaOH  solution  containing  20  mM 
glucose. 


of  Ni(II)  to  Ni(III)  species.  The  later  process  has  the  consequence  of 
decreasing  the  number  of  sites  for  glucose  adsorption,  along  with 
the  poisoning  effect  of  the  products  or  intermediates  of  the 
reaction,  and  consequently  the  decrease  in  the  overall  rate  of  the 
glucose  oxidation.  Thus,  the  anodic  current  passes  through 
a  maximum  as  the  potential  is  anodically  swept.  In  the  reverse  half 
cycle,  the  oxidation  continues,  and  its  corresponding  current  goes 
through  a  maximum  due  to  the  regeneration  of  active  sites  for  the 
adsorption  of  glucose  as  a  result  of  the  removal  of  adsorbed 
intermediates  and  products.  The  glucose  oxidation  at  MnOx/NiOx/ 
GC  and  NiOx/MnOx/GC  electrodes  in  0.5  M  NaOH  is  shown  as 
curves  d  and  e,  respectively.  It  is  obvious  that  the  order  of  the 
deposition  of  the  nano-MnOx  and  NiOx  dramatically  affects  the 
performance  of  the  binary  catalyst.  When  the  MnOx/NiOx/GC  is 
used  (NiOx  is  deposited  first)  (curve  d),  the  activity  significantly 
decreases.  The  highest  response  is  obtained  on  the  NiOx/MnOx/GC 
electrode,  i.e.  when  MnOx  is  firstly  deposited  followed  by  the 
electrodeposition  of  NiOx.  The  larger  response  at  the  binary  cata¬ 
lyst  NiOx/MnOx/GC  (curve  e)  in  comparison  with  NiOx/GC  (curve  c) 
electrode  may  be  the  result  of  two  factors;  firstly,  glucose  is  ex¬ 
pected  to  be  adsorbed  quite  easily  on  MnOx  due  to  the  possibility 
of  hydrogen  bond  formation  using  the  multiple  hydroxyl  groups 
present  in  the  molecule  [28],  Thus  the  accessibility  of  glucose  at 
the  electrode  surface  increases.  In  addition  MnOx  plays  a  signifi¬ 
cant  role  in  freeing  the  NiOx  from  any  poisoning  intermediate 
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[29,30].  Then  the  glucose  oxidation  is  mediated  by  Ni(II)/Ni(IH) 
couple  producing  gluconolactone  as  oxidation  product  [31,32]  as 
represented  by  Eqs.(5)  and  (6). 

Ni(II)  — »■  Ni(III)  +  e  (5) 

Ni(III)  +  glucose  -*•  gluconolactone  +  Ni(II)  (6) 

It  has  been  reported  that  carbohydrate  oxidation  is  electro- 
catalyzed  at  MnOx  modified  electrodes,  and  the  source  of  catalysis 
was  explained  on  the  basis  of  EC  mechanism.  The  formation  of 
Mn(V)  was  proved  according  to  the  following  reaction 
Mn(IV)  ->  Mn(V)  +  e  [29,30],  Mn(V)  was  considered  as  a  strong 
oxidant  that  can  oxidize  glucose  molecules  and  converted  back  to 
MnC>2.  Indeed  the  +5  oxidation  state  is  considered  to  be  an 
important  intermediate  in  the  mechanism  of  redox  process 
involving  different  Mn  compounds  [29,30],  Yet  from  the  above 
consideration  Ni2+  can  be  oxidized  to  Ni3+  by  the  strong  oxidant 
Mn(V).  Increasing  the  concentration  of  Ni3+  in  the  matrix  can 
increase  the  conductivity  of  the  matrix  and  enhance  the  glucose 
oxidation  via  (Eq.  (6)).  This  could  increase  the  current  peak  of  the 
redox  couple  Ni2+/Ni3+.  It  is  noteworthy  to  mention  that  the 
amount  of  the  deposited  Ni,  as  estimated  from  the  deposition 
curves,  in  the  case  of  single  electrode  NiOx/GC  and  binary  electrode 
NiOx/MnOx/GC  to  equal  7.8  and  10  jig,  respectively.  The  amount  of 
the  deposited  nickel  in  the  case  of  binary  electrode  is  higher  than 
single  electrode,  but  this  increase  in  the  amount  of  the  deposited 
nickel  can’t  account  for  the  difference  in  the  current  density 
between  the  single  and  binary  electrode. 

On  the  other  hand  at  MnOx/NiOx/GC  electrode  (curve  d)  the 
response  for  glucose  significantly  decreases.  According  to  (Fig.  2e) 
the  couple  Ni2+/Ni3+  decreases  upon  the  deposition  of  MnOx  on  the 
GC/NiOx  indicating  the  partial  coverage  of  the  previously  deposited 
NiOx.  It  could  be  concluded  that  the  exposition  of  the  two  oxides  is 
essential  for  the  electrocatalytic  oxidation  of  glucose.  At  the  NiOx/ 
MnOx/GC  electrode  the  current  is  2.5  and  7  times  higher  than  that 
obtained  at  NiOx/GC  and  NiOx/MnOx/GC  electrodes,  respectively. 

Fig.  3B  shows  the  variation  of  the  reaction  function  (fp/v1/2)  with 
v  obtained  at  the  NiOx/MnOx/GC  electrode.  As  can  be  seen  at  scan 
rate  higher  than  50  mV  s-1,  fp/v1^2  does  not  change  significantly 
with  scan  rate,  which  is  a  characteristic  feature  of  catalytic  reac¬ 
tions  [33],  It  becomes  clear  that  NiOx/MnOx/GC  electrode  signifi¬ 
cantly  enhances  the  glucose  electrooxidation  via  a  dual  role  exerted 
by  the  mixed  oxides;  MnOx  enhances  the  adsorption  of  glucose  and 
then  the  mediation  by  the  second  oxide  (NiOx)  in  an  EC  mechanism 
as  represented  by  Eqs.  (5)  and  (6)  and  confirmed  by  the  fp/v1^2— v 
relation  (Fig.  3B).  The  stability  of  the  proposed  catalysts  towards 
glucose  oxidation  was  investigated  by  recording  current-time 
curves  for  3  h  at  a  constant  potential  (520  mV),  and  it  was  found 
that  the  stability  of  the  electrode  is  satisfactory;  it  was  found  that 
the  current  almost  keeps  constant  over  the  studied  time  range. 


4.  Conclusions 

Nickel  and  manganese  oxides  binary  catalysts  were  deposited 
electrochemically  in  a  consecutive  manner  on  a  glassy  carbon 
electrode,  and  tested  for  the  electrooxidation  of  glucose  in  alkaline 
media.  It  showed  an  excellent  enlarging  of  the  current  corre¬ 
sponding  to  glucose  oxidation  at  a  reasonable  overpotential 
compared  to  nickel  oxide  alone.  The  order  of  the  deposition  of 
oxides  played  a  crucial  role  in  the  electrocatalytic  activity  of  the 
modified  electrodes,  fp/v1/2  decreases  with  increasing  v,  which  is 
a  characteristic  feature  of  a  catalytic  process. 
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